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RNA interference is a powerful tool for target-specific 
knockdown of gene expression. However, efficient and 
safe in vivo delivery of short interfering RNA (siRNA) to 
the target organ, which is essential for therapeutic appli- 
cations, has not been established. In this study we used 
a-tocopherol (vitamin E), which has its own physiologi- 
cal transport pathway to nnost of the organs, as a carrier 
nnolecule of siRNA in vivo. The a-tocopherol was cova- 
lently bound to the antisense strand of 27/29-nner siRNA 
at the 5'-end (Toc-siRNA). The 27/29-mer Toc-siRNA was 
designed to be cleaved by Dicer, producing a mature 
form of 21/21-mer siRNA after releasing a-tocopherol. 
The C6 hydroxyl group of a-tocopherol, associated with 
antioxidant activity was abolished. Using this new vector, 
intravenous injection of 2mg/kg of Toc-siRNA, targeting 
apolipoprotein B {apoS), achieved efficient reduction of 
endogenous apoB messenger RNA (mRNA) in the liver. 
The downregulation of apoB mRNA was confirmed by 
the accumulation of lipid droplets in the liver as a phe- 
notype. Neither induction of interferons (IFNs) nor other 
overt side effects were revealed by biochemical and path- 
ological analyses. These findings indicate that Toc-siRNA 
is effective and safe for RNA interference-mediated gene 
silencing in vivo. 
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Short interfering RNAs (siRNAs) have potential for therapeutic 
application in a wide spectrum of disorders including cancer, 
infectious diseases, and inherited diseases. Effective in vivo deliv- 
ery of siRNAs to the specific target cells is the most important 
challenge in respect of clinical applications. In vivo gene silenc- 
ing with RNA interference has been reported using either viral 
vectors' or high-pressure, high- volume intravenous injection of 
synthetic siRNAs,^*^ but these approaches have limitations in clini- 
cal practice because of their side effects. Accordingly, a variety of 
nonviral systems are being developed for delivery of siRNA to 
liver, tumors, and other tissues in vivo. 



Recent work in the area of nonviral delivery of synthetic 
siRNAs has used cationic liposomes'*'^ or nanoparticles/ Among 
these approaches, the most efficient systemic administration was 
achieved using stable nucleic acid lipid particles.'' However, a 
therapeutic dose (2.5mg/kg) of these particles, when adminis- 
tered in cynomolgus monkeys, caused marked liver damage.'' A 
key drawback of cationic liposomes and nanoparticles is that their 
physical lipophilic property promotes passive transfer of siRNA 
complexes to the liver, potentially causing toxicity. More recently, 
a new class of receptor-mediated siRNA vectors, consisting of 
a synthetic compound and a ligand, has been reported. These 
ligands are (i) jV-acetylgalactosamine^ or galactose' ligands that 
target asialoglycoprotein receptors on hepatoc>'tes, (ii) apolipo- 
protein A-I ligands that target scavenger receptor class B type I on 
the hepatocytes,'" and (iii) rabies virus glycoprotein ligands that 
target acetylcholine receptors on the neurons.*' These receptor- 
mediated delivery systems could increase efliciency and speci- 
ficity of target cells m vivo. However, the synthetic molecules of 
these vectors were found to exert an immunostimulatory effect.^ 

We hypothesized that the most effective vivo carrier would 
be a molecule that is essential for target tissue cells but cannot 
be synthesized within the cells. Vitamins fit these requirements 
well, and the only vitamin that is not toxic even at high doses 
is vitamin E.^^ a-Tocopherol (vitamin E) is a fat-soluble natural 
molecule that has many physiological pathways from serum to 
liver. The majority of the absorbed vitamin E is transferred into 
lipoproteins including chylomicrons, low-density lipopiotein, 
and high-density lipoprotein, and these constitute an impor- 
tant source of plasma vitamin E for hepatic uptake (reviewed in 
ref. 13). In addition, the three a-tocopherol-associated proteins 
(SEC14L2, SEC14L3, and SEC14L4), and the albumin-related 
protein, afamin, are known to be vitamin E-binding proteins in 
the serum (reviewed in ref. 14). In this study, we have tried to 
utilize these physiological pathways of vitamin E transport to the 
liver as an in vivo delivery system for siRNA. 

Design of ot-tocopherol-bound siRNA 

Asymmetric double-strand RNA having 2 nucleotides (nt) in 
3'-overhang only in the antisense strand is good for predicting a 
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\y A. apoB-1 Toc-siRNA (Toe apoB-1) 

Sens© strand (27 RNAs to 21 RNAs): 

5'-GuCAuCAC/^CuGAAuACCAAU |GCugG-A-3' 
Antisense strand {Toc-29 RNAs to 21 RNAs) 

5'-Toc-ucc*A*gc*AU|UGGuAuUCAGUGuGAuGAc*A'C-3' 
B. Control Toc-siRNA (Toe control) 
Sense strand (27 RNAs to 21 RNAs): 

5'-GaACcUAUG'^gAUGcGAAUGu|uUauA*C-3' 
Antisense strand fToc-29 RNAs to 21 RNAs) 

5'-Toc-gua*U*aa*AC|AUUcGcAUCGCAuAGgUUc*U'U-3' 

(-iiR^sJA). (a) Chemical structure of vitamin E (a-tocopherol)-bound 
siRNA. (b) Sequences and chemical modifications of a-tocopherol- 
bound siRNA for targeting apoB messenger RNA (apoB-1 Toc-siRNA) or 
for targeting unrelated gene (control Toc-siRNA). The lower-case letters 
represent sugar 2'-0-methylation, and asterisks represent phosphoro- 
thioate backbone linkage. The predicted cleavage sites by Dicer'^ and 
Argonaute2 (ref. 1 9) are indicated by black bars and arrowheads, respec- 
tively. The sequences in bold letters Indicate the predicted 21-mer siRNA 
sequences after Dicer cleavage. Toe; a-tocopherol. 

Dicer cleavage site and can therefore define the 21-mer siRNA 
sequence cleaved from 27/29-mer siRNA by Dicer. The a- 
tocopherol was covalently bound to the 5'-end of the antisense 
strand of these siRNAs. The chemical structure of a:-tocopherol- 
bound siRNA (Toc-siRNA) is shown in Ffgwrsr .U^. The sequences 
of (i) Toc-siRNA for targeting mouse apolipoprotein B (apoB) 
messenger RNA (mRNA) (NM_009693) (apoB-1 Toc-siRNA) 
and (ii) Toc-siRNA for targeting mouse beta-site APP cleaving 
enzyme 1 (BACEl) mRNA (NM_011792) (control Toc-siRNA) 
are shown in Figi-trc lb. 

For in vivo application of Toc-siRNA, it is essential to ensure 
the stability of siRNA against serum-derived nucleases. For this 
purpose, we made chemical modifications with phosphorothioate 
backbone linkage and sugar 2'-0-methylation on both the sense 
and the antisense strands. The portions of siRNA that were pre- 
dicted to be cleaved out by Dicer, i.e., 8nt in the 5'-side of the 
antisense strand and 6 nt in the 3'-side of the sense strand, were 
substantially modified. Further, in order to increase stability 
against endonucleases while preserving siRNA activity,'^ partial 
internal modifications were made to the siRNA sequences with 
2'-0-methylation, in addition to modifications at the termini. 
The Dicer cleavage sites in both sense and antisense strands, and 
the Argonaute2 cleavage site'^ in the sense strand were spared any 
modification (Pig^ire Vb). 

Improved stability of siRNA with preserved cleaving 
efficiency by chemical modifications 

The naked and the chemically modified siRNA in serum were 
compared for stability in vitro. With and without a-tocopherol, 




0 4 8 16 24 
Toe nak-nak 



0 4 8 16 24 
Toe mod-mod 



16 24 (hours) 




nak-nak mod-mod Toe apoB-1 Toe control Cells alone 
apoB-1 apo8-1 





1.2' 


<1> 




> 


1 ' 


< 






0.8' 


cr 


E 




CQ 


0.6- 





Toe apoB-1 Toe control Cells alone TocapoB-1 Celts alone 



10%FBS 



SFM 



?k>fi. (a) The stability of modified siRNA in the serum. The both-strands- 
nal<ed siRNA (nak-nak), both-strands-modified siRNA (mod-mod), 
only-sense-strand-modified siRNA (mod-nak), both-strands-naked a- 
tocopherol-bound siRNA (Toe nak-nak), and both-strands-modlfied a- 
tocopherol-bound siRNA (Toe mod-mod) were incubated in the mouse 
serum at 37*C for 4, 8, 16, and 24 hours. The samples were treated 
with Proteinase K and electro pho res ed in 2% agarose gel. (b) Reduction 
of apoB messenger RNA (mRNA) levels in the Hepa 1-6 cell line after 
transfection with apoB-1 siRNA using Lipofectamlne RNAiMAX. The 
quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) 
analyses of opoB mRNA levels relative to gapdh mRNA were performed 
24 hours after transfection of both-strand-naked apoB-1 siRNA (nak-nak 
apoB-1), both-strand-modified a poB-1 siRNA (mod-mod apoB-1), both- 
strand-modified apoB-1 Toc-siRNA (Toe apoB-1), and control Toc-slRNA 
(Toe control). The data shown are relative to the values in untreated 
cells (Cells alone). a7 = 3, Data are shown as mean values ± SEM. *P < 
0.005 as compared to cells-alone group, (c) Reduction of apoB mRNA 
levels in the Hepa 1 -6 cell line after transfection using apoB-1 Toc-siRNA 
alone. The qRT-PCR analyses of apoB mRNA levels relative to gapdh 
mRNA were performed 24 hours after transfection with apoB-1 Toc- 
siRNA (Toe apoB-1) and control Toc-slRNA (Toe control). The Hepa 1-6 
cells were maintained in Dulbecco's modified Eagle's medium (DM EM) 
only [serum-free medium (SFM)], or in DM EM supplemented with 1 0% 
fetal bovine serum (1 0% FBS). The data shown are relative to the values 
in untreated cells (Cells alone). /? = 3, Data are shown as mean values ± 
SEM. *P < 0.005 as compared to cells-alone group. Toe; a- tocopherol. 
gapdh, glyceraldehyde- 3 -phosphate dehydrogenase. 

the stability of the siRNA with both strands modified was much 
greater than those of the siRNA with both strands naked, and the 
siRNA with only the sense strand modified, 'llie conjugation of 
a-tocopherol did not increase the stability of siRNA (Figiiro >*! ). 

The impact of the silencing ability conferred by the chemical 
modification of siRNAs and binding of a-tocopherol was studied 
in cultured cells of mouse hepatocellular carcinoma (Hepa 1-6) 
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using a transfection reagent. Even with considerable chemical 
modification of both strands, the silencing effect of apoB-1 siRNA 
on endogenous apoB mRNA in the Hepa 1-6 cells was not much 
impaired when compared with the silencing effect of apoB-1 
siRNA with both strands naked. Further, the binding of a-tocoph- 
erol to the apoB-1 siRNA with both strands modified also did not 
interfere with the silencing activity (^^^ufxisv 2b). In effect, we suc- 
ceeded in carrying out considerable appropriate chemical modifi- 
cations in the siRNA sequences to increase serum stability, while 
preserving silencing activity. 

Next, a-tocopherol-mediated induction of siRNA was con- 
firmed in Hepa 1-6 cells without any transfection reagents. The 
addition of apoB-1 Toc-siRNA to the culture medium reduced 
endogenous apoB mRNA in Hepa 1-6 cells. This silencing effect 
disappeared when serum was absent in the cultured medium 
(Bf;urtr 2c). This finding suggests that a- tocopherol can introduce 
siRNA into the cells in association with molecules in the serum. 

Effective delivery and processing of Toc-siRNA 
in mice liver 

In order to investigate whether successful delivery of Toc-siRNA 
had been achieved, liver sections were taken from mice 1 hour 
after injection with Cy3-labeled Toc-siRNA (Cy3 bound to the 
sense strand of siRNA), and the sections were subjected to con- 
focal imaging. We observed marked accumulation of Cy3 signal 
both in hepatoc)'tes and nonparenchymal cells in the liver sinu- 
soids. Almost all the hepatoc)^es had the Cy3 signal. There was 
predominant signal density around central veins. There was no 
Cy3 signal in the control liver sections from the mouse injected 
with Cy3- labeled siRNA without a- tocopherol (Figvir^*: 3ci). We 
also confirmed a less prominent Cy3 signal in other organs includ- 
ing lung; the details of the systemic distribution of Toc-siRNA are 
to be published elsewhere. 

In order to study whether Toc-siRNA is processed to a mature 
form of 21/21-mer siRNA, northern blotting was performed on 
mouse liver after injection of 32 mg/kg Toc-siRNA. The assay 
showed two bands of sizes -21 nt and -29 nt, corresponding to the 




Cy3-labeled Toc-siRNA Cy3-labeled siRNA 



no;;? Tiiro-rvt^:; ^.ieiivejy Tc>v: .'iiRNA jJiif.if: iiv-rrs ;>:ier ifiioc- 
tif.-'i. (a) Conifocal images of liver sections from mice injected intrave- 
nously with Cy3-labeled Toc-siRNA (left panel) and Cy3-labeled siRNA 
(right panel). Cy3 signal (red) was noted In hepatocytes (arrowhead) 
and nonparenchymal cells (arrows). Liver sections were stained with 
Alexa-488 phalloidin to visualize cell outlines (green). Scale bar = 
20 pm. (b) Small RNAs isolated from livers of apoB-1 Toc-siRNA- injected 
mice were probed with siRNA sense strand oligonucleotide in order to 
examine for the presence of apoB-1 Toc-slRNA antisense strand using 
northern blotting. The bands for the 21 nucleotides (nt) as well as the 
29-30-nt antisense strands were detected. siRNA, short interfering RNA* 
Toe; a- tocopherol. 



processed 21-mer antisense strand and the 29-mer a-tocopherol- 
bound antisense strand, respectively (Fsgure :>b). These results 
clearly show that Toc-siRNA has the ability to enter mouse liver 
cells and be processed by Dicer in the cytosol. 

Knockdown of target genes in liver and phenotypic 
analyses of mice using Toc-siRNA 

In order to assess the silencing ability of Toc-siRNA in v/Vo, the 
level of endogenous apoB mRNA in the liver was evaluated. The 
liver was removed 48 hours after the injection and assayed for apoB 
mRNA levels using quantitative reverse transcriptase-polymerase 
chain reaction (qRT-PCR). The 2 mg/kg apoB-1 Toc-siRNA mark- 
edly suppressed apoB mRNA when compared with the effect pro- 
duced by the same volume of maltose, and this silencing effect 
disappeared when a-tocopherol was not bound to the siRNA. 
The knockdown effect was specific for the target molecule, as evi- 
denced by the finding that other endogenous mRNAs in the liver, 
transthyretin (ttr) and glyceraldehyde-3-phosphate dehydrogenase 
(gapdh)y did not change, and that a control Toc-siRNA targeting 
an unrelated gene did not affect them, when mKJSIA levels were 
measured relative to total RNA (pjgiin': C^;a). 

Next, we performed a time-course experiment to determine 
the duration of apoB mRNA knockdown effect after single injec- 
tion of apoB-1 Toc-siRNA. After injection, the reduction of apoB 
mRNA in liver was maximal on day 1 and gradually returned to 
the baseline level on day 4 (Fsgavc 4h). We also performed a dose- 
response experiment on day 2 after injection. Mice treated with 2, 
8, and 32 mg/kg of apoB-1 Toc-siRNA showed significant does- 
dependent reduction in apoB mRNA levels (P;gJ3.v<^ -lU). The intes- 
tine, another organ where apoB is expressed, was also removed 
24 hours after injection and assayed for apoB mRNA levels using 
qRT-PCR. There was no knockdown effect in the intestine as a 
result of the apoB-1 Toc-siRNA injection (data not shown). 

The reduction in liver apoB mRNA lowered the export of 
very low-density lipoprotein (VLDL) from the liver, resulting in a 
decrease of serum triglyceride (TG) and cholesterol levels and an 
increase in hepatic lipids.^ Injection of Toc-siRNA produced sig- 
nificant reduction in TG and cholesterol levels on day 1 (Figiir^; ix^ 
and b). Further, we performed pathological analysis using Sudan 
III lipid -staining of liver tissue. The liver sections from mice 
injected with 2 mg/kg of apoB-1 Toc-siRNA showed a higher 
number of hepatic lipid droplets than liver sections from con- 
trol Toc-siRNA-injected mice (A Sgavc 5c). Taken together, these 
results indicate that apoB-1 Toc-siRNA inhibits apoB mRNA and 
alters the phenotype of lipid metabolism in the liver. 

No side effects are produced by Toc-siRNA 

White blood cell and platelet counts and biochemical analysis 
of the serum including total protein, aminotransaminases, and 
blood urea nitrogen after the injection of 2 mg/kg Toc-siRNA 
( Tabk 1), and pathological analysis of the liver tissue stained with 
hematoxylin/ eosin (data not shown) did not show any marked 
abnormalities. 

The level of induction of interferons (IFNs) was examined at 
3 hours (the time interval known to be the IFN phase) after the 
injection of Toc-siRNA.^ No IFN-a was detected in the serum 
(1'ub.U-r I), and RT-PCR of the liver RNA did not amplify /FN-j3 
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quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) 
analyses of several endogenous mRNAs, apoB, ttr, and gapdh mRNAs 
in the liver (removed 2 days after injection) relative to total input RNA. 
/? = 3, The data shown are mean values ± SEM. *P < 0.005 as compared 
to the maltose injection group, (b) Duration of the gene silencing caused 
by apoB-1 Toc-siRNA. The qRT-PCR analyses of liver apoB mRNA levels 
relative to gapdh mRNA were performed at the indicated time points 
after injection of apoB-1 Toc-siRNA (Toe apoB-1) or control Toc-siRNA 
(Toe control), n ~ 3, The data shown are mean values ± SEM. *P< 0.005 
as compared to the maltose injection group, (c) Dose-dependent reduc- 
tion of apoB mRNA levels in the liver after injection of apoB-1 Toc-siRNA. 
The apoB mRNA levels (normalized to gapdh mRNA) were determined 
2 days after injection of apoB-1 Toc-siRNA quantitated by qRT-PCR. The 
data shown are relative to those of mice receiving maltose alone, r? = 3, 
The data shown are mean values ± SEM. *P < 0.005 as compared to the 
maltose injection group. siRNA, short interfering RNA; Toe; a-tocopherol. 
gapdh, glyceraldehyde- 3 -phosphate dehydrogenase; ttr, transthyretin. 

mRNA (data not shown). The chemical modifications have been 
reported as preventing stimulation of Toll-like receptor in the 
endosomes when siRNA is delivered with cationic liposomes.^***^' 
However, the absence of an IFN response to Toc-siRNA does not 
seem to be the result of chemical modification alone; indeed, a 
2 mg/kg dose of Toc-siRNA without chemical modifications also 
did not induce IFNs (data not shown). 

We hypothesized that the most effective in vivo carrier of siRNA 
would be a molecule that is essential for target tissue cells 
but cannot be synthesized within the cells. Vitamins fit these 
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triglyceride (TG) and (b) cholesterol after knockdown of apoB mRNA by 
apoB-1 Toc-siRNA. Sera were collected from mice before the injections 
and at 24, 48, and 96 hours after the injections of apoB-1 Toc-siRNA (Toe 
apoB-1) or control Toc-siRNA (Toe control). The sera were analyzed for 
TC and cholesterol levels. The values obtained after the injections were 
divided by those obtained before the injections, and the resultant ratios 
were normalized to mice which treated with maltose injection. n=2, The 
data shown are mean values ± SEM. *P < 0.01, **P < 0.05 as compared 
to the maltose injection group, (c) Reduction in apoB mRNA results in 
increased hepatic lipid accumulation. Liver sections were prepared 4 days 
after injection of apoB-1 Toc-siRNA and control Toc-siRNA. The sections 
were fixed, and lipids were detected by staining with Sudan III. Scale 
bar = 2|jm. siRNA, short interfering RNA; Toe; a-tocopheroL 

requirements well, and the least toxic of the vitamins even at high 
doses is vitamin E.*^ Among the eight natural isomers of vitamin 
E, a- and y- tocopherol are the most abundant in human diets and 
are equally well absorbed, but peripheral tissues contain much 
more of ac-tocopherol than of y-tocopherol,^^ thereby indicating 
the presence of a selective transport system for a-tocopherol. We 
therefore planned to use a-tocopherol and its transport system 
to effect the delivery of siRNA. Because (hydrophilic) siRNA and 
(lipophilic) a-tocopherol cannot be admixed, we directly bound 
a-tocopherol molecule to siRNA at the 5'-end of the 29-mer 
siRNA antisense strand with a phosphate bond (Toc-siRNA) 
(Figvirs: 1<i and b). We designed 27/29-mer Toc-siRNA with 2nt 
3'-overhang of the antisense strand. The a-tocopherol with 6/8- 
mer double-strand RN As is to be cleaved by Dicer in the cytosol, 
generating the mature form of 21/21 -mer siRNA (FsgLUo .lb). We 
actually confirmed, using northern blotting, that the processed 
2 1 -mer siRNA antisense strand was detected in mouse liver after 
injection with Toc-siRNA (rsguyt^ 3b), and that the binding of 
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Table 1 IFN 


■a, BUN, TP, AST, ALT, WBC, and Pit levels in mouse serum after intravenous injection of 2mg/kg apoB-1 Toc-siRNA or maltose 


Treatment 




IFN-a (pg/ml) 


BUN (mg/dl) 


TP (g/dl) 


AST (U/l) 


ALT (U/l) 


WBC (/pi) 


Plt(xlOVMl) 


apoB-1 
Toc-siRNA 


3 hours 
24 hours 


<12.5 


19.1 ± 1.0 


5.1 ±0.1 


78 ± 1 


21 ±3 


2,800 ± 330 


122.0 ±0.3 




48 hours 




24.0 ± 2.4 


5.5 ±0.1 


67 ±4 


22 ± 1 


2,600 ± 550 


112.2 ± 18.9 


maltose 


3 hours 


<12.5 
















24 hours 




22.0 ± 0.9 


5.5 ±0.1 


79 ±9 


25 ±2 


2,600 ± 560 


117.9± 13.8 




48 hours 




24.5 ± 1.5 


5.5 ±0.1 


60 ± 3 


26 ±3 


3,700 ± 900 


109.0 ±7.0 



Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; IFN-a, interferon-a; Pit, platelet; TP, total protein; 
WBC, white blood cell. 

The values shown are mean values ± SEM (n = 3). 



a-tocopherol did not interfere with the siRNA activity in vitro 

This study showed that the binding of a- tocopherol to siRNA 
enables the efficient in vivo delivery of siRNA to the liver. The 
direct conjugation to siRNA of another lipophilic molecule, cho- 
lesterol (Chol-siRNA), was also reported to enhance liver uptake 
of siRNA. However, the silencing effect produced by Toc- 
siRNA was more efficient than that by Chol-siRNA, in relation 
to the identical target gene; much higher doses of Chol-siRNA 
(50-100 mg/kg) were required for achieving an efficient reduc- 
tion of apoB mRNA in the liver.'''*^ Actually, when cholesterol 
was conjugated to the same 27/29-mer apoB-1 siRNA with the 
same chemical modifications as used in apoB-1 Toc-siRNA at the 
3'-end of the sense strand, the reduction of apoB mRNA induced 
by 2 mg/kg of this Chol-siRNA was not statistically significant in 
the livers of mice (data not shown). 

The mechanism of uptake of Toc-siRNA by the liver was not 
elucidated, and the cause of the difference in silencing efficiency 
between Toc-siRNA and Chol-siRNA is not known. However, 
there are some possible explanations. First, if a-tocopherol and 
cholesterol fuse into the lipid bilayer of hepatocyte membrane 
as cationic liposome does, the difference in hydrophobicity and 
polarity between a- tocopherol and cholesterol might influence the 
efticiency of uptake of siRNA by the liver. This cannot be proved, 
however, because the negative charge of siRNA cannot be can- 
celled by the addition of a- tocopherol or cholesterol. Moreover, 
our m vitro experiments indicated that Toc-siRNA does not enter 
the hepatoma culture cell without serum. Second, Toc-siRNA 
might be incorporated into the serum lipoproteins and enter the 
hepatocytes via lipoprotein receptors. Recently, Chol-siRNA was 
shown to use the lipoprotein receptor-mediated pathway to enter 
hepatocytes.^^ In contrast to cholesterol, a-tocopherol is an exog- 
enous lipid which cannot be synthesized in vivo, and therefore the 
distribution of a-tocopherol among lipoproteins and the mediat- 
ing receptors in the liver might be different from those of cho- 
lesterol. Third, binding of a-tocopherol might enhance uptake of 
siRNA in the liver by an interacting serum molecule other than 
lipoprotein. Soutschek and colleagues^^ proposed that the mech- 
anism of Chol-siRNA in vivo is related to enhanced binding to 
serum protein such as albumin. Similarly, a- tocopherol is known 
to interact with other serum proteins such as SEC14L2, SEC14L3, 
SEC14L4, and afamin (reviewed in ref. 14). 

We observed significant decreases of serum TG and choles- 
terol and an increase in lipid droplets in the liver after injection 



of apoB-1 Toc-siRNA. The downregulation of liver ApoB- 100 
impairs VLDL export and is expected to decrease serum TG as 
well as cholesterol, because large amoimts of TG are incorporated 
into VLDL particles. This is supported by the fact that the trans- 
genic mouse of truncated apoB,^^ and the microsomal TG transfer 
protein-null mouse,"^^*^^ neither of which can assemble and secrete 
VLDL in the liver, show lower serum TG and cholesterol and an 
accumulation of lipid droplets in the liver. Our results, showing 
decrease in serum TG as well as in cholesterol, were similar to 
those of a recent study that used a different siRNA in vivo deliv- 
ery system.^ Althotigh the decreases in serum TG and choles- 
terol might be caused by mechanisms other than impaired VLDL 
export, these results indicate the phenotype of ApoB-100 silenc- 
ing by Toc-siRNA. 

There was no remarkable side effect in blood cell coimt and 
biochemical analysis after intravenous injection of Toc-siRNA. The 
delivered amount of or-tocopherol was only 46 |ig/kg when 2 mg/kg 
Toc-siRNA was injected. This value is very small, considering the 
need of a- tocopherol as a nutritional element is estimated lOmg/ 
day for man (125-200 [ig/kg/day).-^ In addition, the anti-oxidant 
activity of a- tocopherol in Toc-siRNA is abolished, because the 
reactive site of ^-tocopherol for anti-oxidation, hydroxyl group at 
the C6 position, is covalently connected to siRNA (Pjgusiif l.:i). 
More important, the Toc-siRNA did not induce IFN-a in serum 
( rabls- ,0 and IFN-p mRNA in the liver. Tliis absence of adverse 
side effects associated with the use of Toc-siRNA is important 
to note, because it is in sharp contrast to the outcome generally 
described for lipid vector-associated siRNA delivery. The latter is 
known to produce an immunostimulatory effect,^^ which could 
cause elevation of transaminases, thrombocytopenia, and lym- 
phopenia." When synthetic lipid-coated siRNA is intravenously 
injected, it is incorporated in the endosome and then induces IFNs 
and cytokines through activation of Toll-like receptors located in 
the endosomal membrane.^" The possible mechanism of escape 
from an immunostimulatory effect in Toc-siRNA-injected mice 
was that Toc-siRNA used the different pathway to enter the cells 
from synthetic lipid-coated siRNAs. Together, Toc-siRNA is con- 
sidered to be a noninvasive delivery method of siRNA. 

In summary, vitamin E-mediated in vivo delivery of siRNA is 
effective and safe. Although further investigation into the precise 
delivery pathway of Toc-siRNA is required for better optimization 
of its use, the findings of this study represent an important step in 
advancing the use of synthetic siRNA as a very promising system 
for gene therapy. 
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MAXeR^AlS AND METHODS 

Synthesis ofsiRNAs. siRNAs were chemically synthesized. In order to com- 
bine vitamin E with siRNA, a -tocopherol phosphor ami dite was prepared, 
and then was it connected with the 5'-end of the antisense strand of the 
siRNA. The dl-k- tocopherol was purchased from Tokyo Kasei, Tokyo, 
Japan. Synthetic sense and antisense strands of siRNA were then annealed. 

Cell culture, Hepa I -6 cells were maintained in Dulbeccos modified Eagles 
medium (Sigma-Aldrich, St Louis, MO) only, or supplemented with 10% 
fetal bovine serum (Invitrogen, Carlsbad, CA), lOOU/ml penicillin, and 
100 (ig of streptomycin at 37 •'C in 5% CO^. 

qRT-PCR. Total RNA was extracted from the culture cells or mice liver 
using Isogen (Nippon Gene, Tokyo, Japan). The RNA was reverse tran- 
scribed with Superscript III and random hexamers (Invitrogen, Carlsbad, 
CA). The qRT-PCR was performed on 1.5 jjg of complementary DNA 
using the TaqMan Universal PGR Master Mix (Applied Biosystems, Foster 
City, CA) in accordance vnth the manufacturers instructions. The ampli- 
fication conditions were 40 cycles of denaturation at 95**C for 15 seconds 
and annealing at 60°C for 60 seconds with ABI PRISM 7700 Sequence 
Detector. Primers for mouse apoBy gapdh, ttr^ and IfN-ji mRNAs were 
designed by Applied Biosystems (Foster City, CA). 

In vitro activity and stability assays. In order to determine in vitro activ- 
ity of siRNAs, Hepa 1-6 cells were transfected with lOnmol/1 of siRNAs 
using LipofectamineRNAiM AX (Invitrogen, Carlsbad, CA), or transfected 
with 2|imol/l ofToc-siRNAs without any transfection reagents. The cells 
were harvested 24 hours after transfection. Total RNA was extracted and 
the amount of endogenous apoB mRNA was measured using qRT-PCR. 

In order to study the stability of the siRNAs in serum, (i) siRNA 
with both strands naked, (ii) siRNA with both strands modified, (iii) 
siRNA with only the sense strand modified, (iv) Toc-siRNA with both 
strands naked, and (v) Toc-siRNA with both strands modified (lOOpmol 
each) were incubated at 37 °C in mouse serum for 4, 8, 16, and 24 hours. 
Aliquots taken at different time points were treated with Proteinase K 
(Wako Pure Chemical Industries, Osaka, Japan) and frozen in urea Tris- 
bufFered electrophoresis-loading buffer. All samples were subjected to 
electrophoresis on 2% agarose gels. 

Northern blotting. Total RNA was extracted from mice liver using M irVana 
(Ambion, Austin, TX). Total RNA was condensed with Ethachinmate 
(Nippon gene) and 2[ig of RNA was separated by electrophoresis on a 
14% polyacrylamide-urea gel and transferred to a Hybond-N"^ membrane 
(Amersham Biosciences, Pi sea ta way, NJ). The blot was hybridized with 
a probe of the siRNA antisense sequence which was labeled with fluo- 
rescein using Gene Images 3'-Oligolabelling kit (Amersham Biosciences, 
Piscataway, NJ). The signals were visualized by Gene Images CDP-star 
detection Kit (Amersham Biosciences, Piscataway, NJ). 

Pathological analysis. For pathological analysis of side elTects by Toc- 
siRNA, the liver sample was postfixed in 4% paraformaldehyde/phosphate- 
buffered saline solution for 6 hour and embedded in paraffin, sectioned at 
4-|im thick usinga Leica CM 3050 S cryostat (Leica Microsystems, Wetzlar, 
Germany), and then stained with hematoxylin/eosin. 

To analyze of liver lipid accumulation, liver samples from apoB-1 
and control Toe -siRNA- treated mice were sectioned (4 \xm) and fixed in 
4% paraformaldehyde/phosphate-bufTered saline for 5 minutes, and then 
stained with filtrated Sudan III (Muto Pure Chemicals, Tokyo, Japan) 37 °C 
for 30 minutes. Counterstaining of nuclei was performed with Mayer 
hematoxylin solution (Muto Pure Chemicals, Tokyo, Japan) for 3 minutes. 

For pathological analysis of delivery of siRNA to liver, 8 mg/kg Cy3- 
labeled siRNA with or without a-tocopherol within 0.25 ml of 10% maltose 
was injected from the tail vein of ICR mouse. One hour after intravenous 



injection, mouse was killed and liver samples were harvested. Liver 
samples were fixed in 4% paraformaldehyde/phosphate-bufFered saline 
for 6 hour. Fixed tissue samples were snap-frozen in liquid nitrogen. 
Frozen tissue sections were prepared and stained with 13nmol/l Alexa- 
488 phalloidin (Invitrogen, Carlsbad, CA). The slides were analyzed using 
LSM 510 confocal microscope (Carl Zeiss Microimaging, Oberkochen, 
Germany). Each image comprised a flattened projection of 11 optical 
images (0.4 (im each) to represent combined fluorescence signals from a 
4-|im thick section. 

Statistical analysis. Students Ntest was used to evaluate differences 
between siRNA- transfected groups and cells alone in vitro y and between 
Toc-siRNA-injected groups and maltose only injected group in vivo. 
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